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We study the model with three right-handed neutrinos which masses are smaller than the weak
scale O(102) GeV (called as the νMSM). The model can explain the origin of neutrino masses by
the seesaw mechanism, offer a candidate of dark matter and realize the baryogenesis via neutrino
oscillation. The seesaw mechanism at such energy scales can induce phenomenon which are observ-
able by experiments. As an example, we discuss the lepton universality of charged kaon decays in
this model. It is shown that the heavy neutral leptons accounting for the neutrino masses and the
cosmic baryon asymmetry can give a significant correction to the lepton universality, and that the
deviation from the Standard Model prediction can be large as O(10−3) which will be probed by
near future experiments.
I. INTRODUCTION
Right-handed neutrinos are well-motivated particles beyond the Standard Model (SM). They can offer solu-
tions to various problems inherent in the SM. When their Majorana masses are much heavier than the weak
scale ΛW = O(10
2) GeV, they give a natural explanation (the seesaw mechanism [2]) for tiny masses of active
neutrinos observed in oscillation experiments. Remarkably, such right-handed neutrinos can explain the origin
of the baryon asymmetry of the universe (BAU) by the leptogenesis [3]. The canonical scenario of the leptoge-
nesis requires that the Majorana masses should be heavier than O(109) GeV. It is then almost impossible to
test such particles by direct experiments in near future.
Here we consider another possibility, called as the νMSM (neutrino Minimal SM) [4, 5]. It is an extension
of the SM by three right-handed neutrinos νRI (I = 1, 2, 3) with Majorana masses MI , which Lagrangian is
given by
L = LSM + iνRIγ
µ∂µνRI − FαILαΦνRI −
MI
2
νcRIνRI + h.c. , (1)
where LSM denotes the SM Lagrangian. The model requires the hierarchies of neutrino masses as |MD|αI =
|FαI |〈Φ〉 ≪ MI to realize the seesaw mechanism, and in addition Majorana masses are taken as MI <∼ ΛW .
In this model three heavy neutral leptons NI (I = 1, 2, 3) are present in addition to the usual three active
neutrinos νi (i = 1, 2, 3). The mixings of these states are represented as νLα = Uαi νi+ΘαI N
c
I with the PMNS
mixing matrix U for active neutrinos and ΘαI = FαI〈Φ〉/MI for heavy neutral leptons. The lightest one N1 can
be a dark matter candidate, known as the so-called “sterile neutrino dark matter” (see, for example, [6]). The
heavier ones N2 and N3 are responsible to the seesaw mechanism for neutrino masses and also the baryogensis
via neutrino oscillation [5, 7].
One notable feature of the model is that heavy neutral leptons can be tested by various experiments and also
cosmological observations [8–10]. In this talk based on the work [1] we discuss the possible impacts of heavy
neutral leptons to the two-body decays of charged kaon and the testability of the νMSM by using the lepton
universality of kaon decays. (See Ref. [1] for the lepton universality of charged pion decays.)
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II. LEPTON UNIVERSALITY IN THE νMSM
We consider the lepton universality of charged kaon decays, which is given by [11, 12]
RK =
Γ(K+ → e+ν)
Γ(K+ → µ+ν)
. (2)
In the SM the expression of RK is estimated as
RSMK =
(
me
mµ
)2(
m2K −m
2
e
m2K −m
2
µ
)2
(1 + δRK) , (3)
where δRK denotes the radiative correction. It should be noted that the hadronic uncertainty in the width is
canceled considerably by taking the ratio, and then its theoretical prediction is very precise RSMK = (2.477 ±
0.001) × 10−5 [13, 14]. On the other hand, the measurements of RK have been done at high precision by
experiments [15–18]. The recent result gives RexpK = (2.488± 0.010)× 10
−5 [18]. It is found that the deviation
of the lepton universality from the SM prediction is small as
∆rK =
RK
RSMK
− 1 = (4± 4)× 10−3 , (4)
and hence it can be used as the significant probe for physics beyond the SM. (See, for example, the recent
analysis in Refs. [19, 20].)
In the νMSM,K+ decays into not only active neutrinos but also heavy neutral leptons if kinematically allowed
RK =
∑
i=1,2,3 Γ(K
+ → e+νi) +
∑
I=1,2,3 Γ(K
+ → e+NI)∑
i=1,2,3 Γ(K
+ → µ+νi) +
∑
I=1,2,3 Γ(K
+ → µ+NI)
, (5)
and the deviation is given by [11]
∆rK =
∑
i=1,2,3 |Uei|
2 +
∑
I=1,2,3 |ΘeI |
2GeI∑
i=1,2,3 |Uµi|
2 +
∑
I=1,2,3 |ΘµI |
2GµI
− 1 , (6)
where GαI = 0 if MI > mK − mℓα ; and GαI =
rα+rI−(rα−rI)
2
rα(1−rα)2
√
1− 2(rα + rI) + (rα − rI)2 otherwise. Here
rα = m
2
ℓα
/m2K and rI = M
2
I /m
2
K . We should note that the mixing elements of active neutrinos and heavy
neutral leptons satisfy the unitarity condition
∑
i=1,2,3
|Uαi|
2 +
∑
I=1,2,3
|ΘαI |
2 = 1 , (7)
and hence we can write ∆rK as
∆rK =
1 +
∑
I=1,2,3 |ΘeI |
2 [GeI − 1]
1 +
∑
I=1,2,3 |ΘµI |
2 [GµI − 1]
− 1 . (8)
Therefore, we find that the deviation ∆rK in the νMSM is determined by the masses MI and mixing elements
ΘαI of heavy neutral leptons. It has been shown in Ref. [1] that heavy neutral lepton N1 gives a negligible
contribution to ∆rK (8) by imposing the severe constraints on Θα1 from cosmological observations and we shall
neglect it from now on. Further, N2 and N3 should be quasi-degenerate in mass to generate enough BAU, and
we take M2 =M3 =MN since the mass difference has no significant effect on ∆rK [1].
Let us first consider the case when MN < mK −mµ (both K
+ → µ+NI and K
+ → e+NI are kinematically
allowed). It is interesting to note that the decay width of K+ → ℓ+αNI is suppressed by |ΘαI |
2, but is enhanced
by (MN/mℓα)
2 compared with K+ → ℓ+ανα due to the helicity suppression [11]. Since this enhancement factor
is much larger for the decay into e+ than that into µ+, the considering model gives a positive ∆rK
∆rK ≃
∑
I=2,3
|ΘeI |
2 M
2
N
m2e
(
1−
M2N
m2K
)2
. (9)
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FIG. 1: ∆rK in the νMSM for the NH case (left panel) and IH case (right panel) [1]. Possible regions are shown by the
shaded regions with red-solid line or red-dashed line for the case with the cosmological lifetime bound τN2,3 < 0.1 s or
τN2,3 < 1 s. The horizontal (black dotted) lines are ∆rK = 4× 10
−3 (current central value [18])and ∆rK = 10
−3 (which
will be reached by the near future experiments).
It is seen that ∆rK is bounded from above by taking into account the experimental upper bounds on the
mixing elements |ΘeI |. PS191 experiment gives the severest bound |ΘeI |
2 < O(10−9)–O(10−8) for MN ≃ 200–
400 MeV [21], and then it is expected that ∆rK < O(10
−4)–O(10−3) by considering the enhancement factor
of (MN/me)
2 ∼ 105. When K+ → µ+NI is forbidden, the correction ∆rK is very similar to the above case as
long as K+ → e+NI is open.
On the other hand, even when K+ → e+NI is kinematically forbidden, the deviation ∆rK can be present
because of the non-unitarity of the PMNS matrix (see Eq. (7)) as
∆rK ≃
∑
I=2,3
(
|ΘµI |
2 − |ΘeI |
2
)
. (10)
In this case the sign of ∆rK is determined according to the relative sizes of |ΘµI |
2 and |ΘeI |
2 and the magnitude
is |∆rK | <∼ |Θ|
2 = O(10−9)–O(10−7).
Now, we are at the point to present the numerical prediction of ∆rK in the νMSM by using the exact
formula (6). In this analysis we impose the constraints from direct search experiments and cosmological lifetime
bound τN2,3 < 0.1 s [22]. (See the details in Ref. [1].) The predicted range of ∆rK by varying all the free
parameters is shown in Fig. 1. We should mention that, as demonstrated in Refs. [23, 24], enough BAU can be
generated by N2 and N3 in this mass region. It is found that ∆rK = O(10
−7)–O(10−3) for the NH case, and
∆rK = O(10
−6)–O(10−3) for the IH case, where we have considered MN < 450 MeV and τN2,3 < 0.1 s. The
predicted region becomes wider if the lifetime bound is relaxed as τN2,3 < 1 s.
III. CONCLUSIONS
We have investigated the lepton universality of charged kaon decays in the framework of the νMSM. Among
three heavy neutral leptons of the model, N2 and N3, which are responsible to the seesaw mechanism of neutrino
masses and the baryogenesis via neutrino oscillation, can give significant contributions to kaon decays and modify
the ratio RK of the partial widths K
+ → e+ν and K+ → µ+ν from the prediction by the SM.
It has been shown that the deviation of the lepton universality in kaon decays can be large as ∆rK = O(10
−3)
even if we apply the constraints on the mixing elements for heavy neutral leptons N2 and N3 from the direct
search experiments and the lifetime bound τN2,3 < 0.1 s from the Big Bang nucleosynthesis. Such a large
deviation can be obtained when the mass is MN ∼ 180 MeV. (Such a large value can also be obtained when
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MN is just above 450 MeV [1].) We have found that the sign of ∆rK is positive if the decays K
+ → e+N2,3 are
open. Note that, if we relax the lifetime bound as τN2,3 < 1 s, then the deviation can be large as O(10
−2).
Interestingly, such a large deviation of the lepton universality in kaon decays will be explored by near future
experiments as NA62 [25] and TREK/E36 [26] experiments. Thus, these facilities will offer the test for the
origin of neutrino masses and BAU via physics of heavy neutral leptons N2 and N3 in the νMSM.
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